Background Aseptic loosening of massive bone tumor implants is a major cause of prosthesis failure. Evidence suggests that an osteointegrated hydroxyapatite (HA)-coated collar would reduce the incidence of aseptic loosening around the cemented intramedullary stem in distal femoral bone tumor prostheses. Because these implants often are used in young patients with a tumor, such treatment might extend the longevity of tumor implants. Questions/purposes We asked whether (1) HA-coated collars were more likely to osteointegrate; (2) HA collars were associated with fewer progressive radiolucent lines around the stem-cement interface; and (3) HA-coated collars were associated with less bone loss at the boneshoulder implant junction? Methods Twenty-two patients were pair-matched to one of two groups-either (1) implants with a HA-coated ingrowth collar (HA Collar Group); or (2) implants without an ingrowth collar (Noncollar Group). Age, sex, and length of followup were similar in both groups. HA-coated collars were developed and used at our institution from 1992 to address the high failure rate attributable to aseptic loosening in patients with massive bone tumor implants. Before this, smooth titanium shafts were used routinely adjacent to bone at the transection site. The minimum followup was 2 years (mean, 7 years; range, 2-12 years). Radiographs obtained throughout the followup period were analyzed and osteointegration at the shaft of the implant quantified. Radiolucent line progression around the cemented stem was semi-quantitatively assessed and cortical bone loss at the bone-shoulder implant junction was measured during the followup period.
Introduction
Insertion of a custom-made massive endoprosthesis that replaces a removed segment of bone is a well-established method of treating bone tumors of the distal femur [16, 21] . Aseptic loosening of distal femoral implants is a major cause of failure and Unwin et al. [28] reported a 67% probability of patients surviving aseptic loosening at 10 years. Other studies also have reported aseptic loosening as a major complication, with loosening rates of distal femoral prostheses between 3% and 29% at 4 to 10 years [11-13, 16, 20, 27] . Current evidence suggests that patients with the poorest prognosis for survival are young, physically active patients who place high demands on their prostheses and in patients in whom a high percentage of the femur has been replaced [10, 28] .
Aseptic loosening has been reported to initiate with localized cortical bone loss at the bone-shoulder implant junction where the bone is in direct contact with the shoulder of the implant [2, 3, 29, 30] . With time, osteolysis increases and cortical bone loss at the bone-shoulder implant junction is followed by the development and progression of periprosthetic bone-cement radiolucent lines that advance along the interface eventually leading to aseptic loosening of the component [2, 3, 29, 30] . Ward et al. [30] reported that loosening may be associated with wear debris-induced osteolysis. Concerns for successful long-term fixation stimulated modifications in implant design and extracortical bone-bridging and osteointegration at the bone-shoulder-implant junction, which may reduce aseptic loosening by producing a ''purse string'' that seals the bone interface, preventing migration of wear particles [30] . Aseptic loosening may be reduced by preserving load transfer at the shoulder of the implant through osteointegration leading to a reduction in stress in the cement mantle [5-7, 23, 26] . A telemetric study by Taylor et al. [26] showed that uncoupling of load from the shoulder of the implant toward the intramedullary stem tip occurred during a 23-month postoperative period in patients after massive bone tumor surgery. Blunn and Wait [3] , in a histologic study, investigated bone growth adjacent to the intramedullary stem and reported bone remodeling consistent with the progressive transfer of load from the shoulder to the stem tip. Chao and Sim [6] used finite element analysis to show that extracortical bone-bridging with ingrowth to the implant shaft reduced stresses on the stem and in the cement mantle.
The aim of our study was to investigate and quantify extracortical bone growth and the development of radiolucent lines around the cemented interface in implants with and without a circumferential hydroxyapatite (HA)-coated ingrowth collar at the shoulder of distal femoral bone tumor implants. We asked whether (1) HA-coated collars were more likely to osteointegrate; (2) HA collars were associated with fewer progressive radiolucent lines around the stem during the followup period; and (3) HA-coated collars were associated with less bone loss at the boneshoulder implant junction?
Materials and Methods
Between 1990 and 2000, 84 primary limb salvage surgeries involving bone tumor resection and reconstruction using a cemented distal femoral endoprosthesis were performed at the Royal National Orthopaedic Hospital, Stanmore, UK. Thirty patients received a cemented distal femoral replacement with a smooth polished metal surface (Noncollar Group) and 54 received a cemented distal femoral replacement with a HA-coated grooved ingrowth collar located at the shoulder of the implant (HA Collar Group). HA-coated collars were developed and used at our institution from 1992 to address the high failure rate attributable to aseptic loosening in patients with massive bone tumor implants. Before this, smooth titanium shafts were used routinely adjacent to bone at the transection site.
Followup at a minimum of 2 years was available for 66% (20 of 30) of patients in the Noncollar Group and 39% (21 of 54) of patients in the HA Collar Group. Patients with complete followup at a minimum of 2 years were considered eligible for pair matching as part of this study.
From these two groups, a total of 22 patients were pairmatched (11 matched pairs) and investigated in this study (Table 1) . Fourteen patients were female, eight were male, and all were matched for age, length of bone resection, and length of followup because these factors have been established as independent risk factors for aseptic loosening of distal femoral endoprostheses [28] . The mean age of patients at the time of surgery was 36 years (range, 16-66 years). Patients were followed up at a minimum of 2 years (mean, 7 years; range, 2-12 years). The percentage of bone resected during surgery from each patient was calculated from AP radiographs and a mean of 37% (range, 25%-59%) of the length of the femur was resected. When the groups were compared, the mean difference in age was 4 years (mean age: HA Collar Group, 37 years [range, 17- ). No differences were found when the means of the groups were compared. All surgery was performed for primary bone tumors where osteosarcoma was the most common diagnosis (64%), followed by malignant fibrous histiocytoma (14%), giant cell tumor (14%), and chondrosarcoma (9%). None of the implants was revised during the investigative period and each patient received a unilateral implant with 11 inserted in the right leg and 11 in the left.
All prostheses were designed by Stanmore Implants Ltd (Elstree, Hertfordshire, UK) and manufactured on a customized case-by-case basis. The shaft and intramedullary stem were made from titanium alloy (Ti 6 Al 4 V) and when indicated, the stem was shaped to follow the natural curvature of the bone. After resection of the knee, all patients in this study received the SMILES TM rotating hinge total joint (Stanmore Implants Ltd) made from cast cobalt-chrome-molybdenum alloy. The tibial and femoral intramedullary stems were cemented in place. The HA collar was composed of circumferential and longitudinal grooves manufactured 1.5 mm deep, 1 mm apart, and 1 mm wide. A highly crystalline plasma-sprayed HA coating ([ 85% crystallinity and 50 lm thick; Plasma Biotal, Derby, UK) was applied to each collar before surgery. In the Noncollar Group, the shaft at the shoulder of the implant had a smooth, polished surface finish. Where appropriate, patients received neoadjuvant chemotherapy and all met the criteria for limb salvage [24] . Patients were given chemotherapy after surgery and partial weightbearing was allowed during the first 6 weeks after surgery, slowly progressing to full weightbearing. After 6 weeks, patients returned for a period of intensive physiotherapy. All procedures were performed at one institution and no patients were recalled specifically for this study; all data were obtained from the medical records and postoperative radiographs.
Radiographic Analysis
Radiographic analysis was performed by one observer (AS) and measurements (mm ± standard deviation [SD]) were made from the AP and mediolateral radiographs taken of each patient beginning immediately postoperatively and at intervals throughout their followup. On average, patients attended outpatient clinic three times a year and radiographs were taken on each occasion. The number of radiographs analyzed for each patient varied according to length of followup; however, a mean of 10 (range, 5-16) radiographs were analyzed per patient in this study. In total, 102 radiographs were measured in the HA Collar Group and 100 in the Noncollar Group during the followup period ( Table 2) . Each of the radiographs was used to quantify: (1) the presence of radiolucent lines between extracortical bone and the implant collar; (2) the presence and progression of radiolucent lines around the cemented intramedullary stem fixation and; (3) the extent of cortical bone loss immediately beneath the implant shaft at the shoulder of the prosthesis.
Radiolucent Line Measurements Between Extracortical Bone and the Implant Collar
Before analysis, radiographs were calibrated by measuring the known length of the femoral intramedullary stem on the radiograph, thereby producing a magnification factor. Radiolucent lines that separated extracortical bone growth at the collar surface were quantified by measuring their mean maximal thickness. Each collar region was first divided into four quadrants and the presence of a radiolucent line was quantified in the medial, lateral, anterior, and posterior views. Where radiolucent lines were present and where there was no evidence of osteointegration at the collar, the implant was considered not ingrown (Fig. 1) .
Radiolucent Line Score: Cemented Intramedullary Fixation
Progressive radiolucent lines at the cement-bone interface adjacent to the intramedullary stem were quantified from serial routine AP and mediolateral radiographs taken throughout the followup period. The medial, lateral, anterior, and posterior aspects adjacent to the intramedullary stem were each divided into six equidistant zones (Fig. 2) .
When a radiolucent line was observed at the cement-bone interface in a zone, a score of 1 was given. Therefore, a maximal score of 12 could be obtained from each radiograph and a total score of 24 would indicate a prosthesis that was surrounded by radiolucent lines along the entire stem on AP and mediolateral radiographs. A score of 0 indicated that no radiolucent lines were measured. Radiolucent lines around the cement stem were measured on radiographs and the progression of these lines was determined by their increase in length with time.
Cortical Bone Loss at the Bone-shoulder Implant Junction
The distance that separated bone from the shoulder of the implant located directly above the transection site was measured and quantified during the followup period for each of the 22 patients (Fig. 3) .
Statistics
Using data obtained from the most recent AP and mediolateral radiographs, the Mann-Whitney U test was used for statistical comparison between the HA Collar and Noncollar Groups where p values less than 0.05 were considered significant (Version 10.1; SPSS, Chicago, IL, USA). Radiolucent line score and cortical bone loss when measured throughout the followup period were univariately assessed for association with osteointegration at the collar using the Spearman rank coefficient. Mean values ± SD are presented.
Results

Extracortical Bone Formation and Osteointegration of the Collar
With the numbers available, there were no differences between the collared and noncollared stems in terms of extracortical bone formation. In the HA Collar Group, 10 of 11 patients had extracortical bone growth in at least one of the four quadrants adjacent to the collar. In the Noncollar Group, nine of 11 patients showed bone growth in at least one region. Osteointegration was more consistent in the stems with HA collars. Nine of the 11 patients in that group had direct bony ingrowth (as defined by the absence of a radiolucent line) in at least one of the four regions measured. In the Noncollar Group, results showed that only one patient had direct radiologic contact in one region of the implant surface (Fig. 4) . Overall, thicker radiolucent lines were measured adjacent to the implant shaft in the Noncollar Group (mean, 2 ± 1.65 mm) compared with the HA Collar Group (mean, 0.15 ± 0.46 mm) (p \ 0.001) (Fig. 5 ).
Radiolucent Line Score: Intramedullary Stem Fixation
Results showed a lower radiolucent line score adjacent to the cemented intramedullary stem in implants with a grooved HA-coated collar (mean, 0.58 ± 1.66; range, 0-7) when compared with implants in the Noncollar Group (mean, 4 ± 5.31; range, 0-18) (p = 0.002) (Fig. 6) . Results showed that in the HA Collar Group and throughout the followup period, the score for each of the 11 patients did not increase greater than seven. In the Noncollar Group radiolucent lines were seen to gradually increase with time. In the Noncollar Group and when the radiolucent line score was compared with time, a higher radiolucent line score was measured in each of the yearly increments when compared with 1 year postoperatively (except 2 years) (p \ 0.001 in all cases). The radiolucent line scores measured at 10 and 11 years were higher when compared with at all other times (p \ 0.001 in all cases). No substantial differences in radiolucent line scores between any of the yearly times were found in the HA Collar Group.
Cortical Bone Loss at the Bone-Shoulder Implant Junction
Results showed that more cortical bone loss at the boneshoulder implant junction occurred in the Noncollar Group (mean, 1.07 ± 1.47 mm; range, 0-9 mm) when compared with implants in the HA Collar Group (mean, 0.39 ± 0.61; range, 0-2 mm) (p \ 0.001). Cortical loss remained constant during the followup period in the HA Collar Group (Fig. 7 ) but appeared to gradually increase with time in the Noncollar Group; however, no substantial correlation was found.
Correlation of Extracortical Bone and Radiolucent Lines
In the Noncollar Group where there was extracortical bone formation, radiolucent line thickness adjacent to the extracortical bone increased with time (p \ 0.001). However, no correlations were found with radiolucent lines adjacent to the HA collar. Compared with the postoperative radiograph, radiolucent lines at the stem-cement interface were more prevalent on the last available radiograph. With time there was progression of radiolucent lines along the stem-cement interface in the Noncollar Group (p = 0.071);
however, in the HA Collar Group there was no difference in the radiolucent line score when the postoperative radiograph was compared with the last available radiograph (p = 0.745).
Discussion
Aseptic loosening of the intramedullary stem is one of the major causes of distal femoral prosthesis failure. The only identifiable risk factors reported in the literature are age, bone resection length, and time of followup [28] . In theory, osteointegration of extracortical bone growth to the shaft of the implant may be associated with a more advantageous biomechanical environment and improved stem fixation [5-7, 23, 26] . This also may be associated with formation of a ''purse string'', which prevents wear particles from migrating between the stem-bone interface causing osteolysis [30] . In this study, we evaluated the effect of hydroxyapatite coating of the implant and found that a hydroxyapatite coating reduced the incidence of progressive radiolucent lines around the stem of the implant. Our study had limitations. First, it was a retrospective analysis where variation was minimized by pair-matching patients. However, patient variations in height, weight, activity level, and dose of chemotherapy were not accounted for and an additional limitation was the small sample size. Studies on massive bone tumor implants are challenging owing to the relatively low number of patients treated using a distal femoral replacement, and our study required matching patients according to age, bone resection, and followup. This substantially reduced the numbers available for analysis. In addition, the number of patients in the Noncollar Group available for pair matching was less than in the HA Collar Group, which may have introduced some error. We could not show a difference in length of followup, but the small sample size may have explained that because the HA group was a more recent cohort. Further variations were minimized because all implants were of a similar design made by one manufacturer and all surgical techniques and patient care were consistent because patients were treated at one institution. Although the level of osteointegration at the collar differed in the two groups, our study showed that similar and consistent amounts of extracortical bone had grown over the shoulder of both types of implants. The major difference was osteointegration of the shaft owing to use of the HA collar. Our results showed that during the mean 7-year followup period, nine of the 11 HA collars were radiographically osteointegrated, whereas only one patient in the Noncollar Group showed contact of the bone with the implant surface. Methods to enhance osteointegration at the shoulder of massive bone tumor prostheses have been investigated and numerous different ingrowth surfaces assessed with varying amounts of extracortical growth reported [5, 14, 19, 29] . Tanzer et al. [25] reported that radiographic extracortical bone growth adjacent to porouscoated collars in 20 patients treated for bone cancer at a mean followup of 2 years did not correlate with osteointegration to the implant surface when investigated histologically. In this retrieval study no osteointegration was seen. In another study [8] , results of histologic evaluation of four distal femoral replacements with a HAgrooved ingrowth collar and four implants with a smooth titanium alloy surface finish were reported. The results of that study showed that ingrowth with direct bone-implant contact was seen in all patients with a HA collar [8] . The results in that study [8] agreed with those of Tanzer et al. [25] , showing no bone-implant contact in the Noncollar Group and all of the extracortical bone formed was separated from the implant surface by a relatively thick layer of fibrous tissue. In the current study, we report on osteointegration to the HA collar after radiographic analysis, and it is possible that histologic osteointegration may not have occurred in all patients despite the radiographic appearance. However, a radiolucent line between the extracortical bone and the shaft of the implant in the Noncollar Group clearly was evident in all cases except one. The importance of osteointegration at the shoulder has been recognized and some experimental studies have investigated methods to enhance extracortical bone formation, including the use of bone morphogenetic proteins [22] and stem cells [9, 18] .
We found that a reduction in radiolucent line score was measured adjacent to the cemented fixation in the HA Collar Group when compared with the Noncollar group. An increase in the progression of radiolucent lines during the followup period may suggest the implant gradually is becoming aseptically loose. In our study the radiolucent line score increased with time in the Noncollar Group indicating progression toward loosening of the stem. None of the implants in the HA Collar Group had progressive radiolucent lines develop. No implants in either group were revised during the investigative period; however, results suggest that implants in all patients in the Noncollar Group gradually were becoming aseptically loose. Uncemented implants, if well osteointegrated, are thought to provide an alternative method for durable, long-term biologic fixation, where the complications of cement failure can be avoided. When compared with cemented components, lower [4, 17] and higher [1, 15] aseptic loosening rates have been reported. However, comparison of the two fixation types is confounded owing to differences in implant design and fixation concepts.
Our final question asked whether the presence of the HA collar may prevent cortical bone loss at the bone-shoulder implant junction. Several studies have reported that the loosening sequence in cemented massive bone tumor implants begins with osteolysis of cortical bone at the implant-bone junction [2, 3, 29, 30] . Osteolysis then slowly progresses along the bone-cement interface culminating in aseptic loosening of the implant. In our study, results showed decreased cortical loss at the shoulder of the implant in patients with HA collars.
We found that a grooved HA-coated ingrowth collar located at the shoulder of cemented distal femoral massive prostheses resulted in increased osteointegration of extracortical bone leading to a reduction in the number of progressive radiolucent lines adjacent to the intramedullary cemented stem. We also showed that the use of a HA collar led to decreased cortical bone loss adjacent to the transection site. These results suggest that the HA collar may help reduce the risk of aseptic loosening, possibly as a result of load transfer from the shoulder to the cortical bone surrounding the intramedullary stem reducing aseptic loosening. Prospective studies are needed with larger numbers of patients and longer followup to determine if our preliminary observations relate to increased longevity and reduced revision rates for loosening in implants with a HA collar.
